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EXECUTIVE SUMMARY
The current study mainly focused on improving our understanding of environmental interactions
with pavement systems to better predict the changes in pavement material properties over time.
The main objective of this study is to develop a practical and implementable numerical model for
predicting the moisture (suction) regime within the pavement subgrade system. The research
quality and uniformly-dispersed climate data over short distances from Oklahoma Mesonet and
the Mitchell based moisture (suction) prediction method establish the main background of the
research study.
The Oklahoma Mesonet data was utilized in developing the climate boundary conditions for the
predictive model proposed in this study. Oklahoma has a unique and large cluster of Mesonet
weather stations dispersed across the state. The Oklahoma Mesonet program started in 1991 as a
statewide mesoscale environmental monitoring network with at least one station in each of
Oklahoma’s 77 counties. The Oklahoma Mesonet is a network of 121 automated weather
monitoring stations designed to measure the weather and soil moisture conditions. A number of
counties have more than one weather station. The primary focus of the Mesonet operations is to
obtain research quality data in real time. The Oklahoma Mesonet follows a systematic, rigorous,
and continuous monitoring protocol to verify the quality of all measurements.
The proposed moisture variation model predicts the suction distribution throughout the soil
subgrade by solving the diffusion equation and incorporates the measured suction from the
Oklahoma Mesonet to estimate the diffusion coefficient. The research study resulted in a practical
prediction model that could be used to determine the moisture boundary conditions within the
pavement structure. The proposed model was tested, and the results were compared with the
predicted values from the well-established climatic models in the literature.
On the basis of the field data and numerical modeling, the study builds a relationship between
equilibrium suction of subgrade soils, TMI, relative humidity and clay content. The matric suction
under the unbound layer beneath the pavement can be estimated with environmental parameters
and clay content. TMI and relative humidity are found to be controlling parameters in matric
suction. The TMI, which effectively quantifies the environmental factors for a given region, can
be obtained from contour maps developed in this study.
Thornthwaite Moisture Index (TMI) controls the moisture boundary conditions in the pavement
profile. In this study, large cluster of raw climate and soil moisture data were obtained from
Oklahoma Mesonet for assessment of the TMI from 1994 to 2017. Extensive computations have
been carried out and TMI is calculated for 77 Mesonet weather stations representing 77 counties
in the state. Thornthwaite Moisture Index (TMI) contour maps were created for Oklahoma using
two different models.

xi

1. INTRODUCTION
Environmental conditions have a significant effect on the pavement performance. Of all the
environmental factors, temperature and moisture have direct effect on the pavement layer and
subgrade properties. As a result, improving the understanding of environmental interactions with
pavement systems can help predict the changes in pavement material properties over time. The
current AASHTOWare Pavement ME software package utilizes the enhanced integrated climatic
model (EICM) for applying the effects of climate on the pavement materials. The EICM was
originally developed by integrating several earlier models in order to predict the flow of water and
heat through layered pavement materials. The EICM plays a significant role in defining the
material properties in the AASHTOWare Pavement ME computer program. The software uses
historical climatic files that have been developed for each state in the US. However, these files are
in most cases limited in number and region within each state, and therefore cannot represent the
site-specific climate information. Furthermore, a number of states conducting research studies
have found that there are significant discrepancies between the EICM predictions and measured
values in the field. The differences are mainly attributed to insufficient climate data and
deficiencies in the predictive models in the EICM. Therefore, there is a need to develop practical
and implementable predictive models to study the moisture regime within the pavement subgrade
in response to site specific climate data.
Oklahoma has a unique and large cluster of Mesonet weather stations dispersed across the state.
The Oklahoma Mesonet program started in 1991 as a statewide mesoscale environmental
monitoring network with at least one station in each of Oklahoma’s 77 counties. The Oklahoma
Mesonet is a network of 121 automated weather monitoring stations designed to measure the
weather and soil moisture conditions. A number of counties have more than one weather station.
The primary focus of the Mesonet operations is to obtain research quality data in real time. The
Oklahoma Mesonet follows a systematic, rigorous, and continuous monitoring protocol to verify
the quality of all measurements. Due to these features, the Oklahoma Mesonet data can be utilized
in developing the climate boundary conditions for the predictive model proposed in this study.
This study mainly focused on improving our understanding of environmental interactions with
pavement systems so that better predictions of the changes in pavement material properties over
time can be made. The main objective of this study is to develop implementable, realistic climatic
input data, and to develop a practical and implementable numerical model for predicting the
moisture regime within the pavement subgrade system. The study aligns with the Tran-SET UTC’s
vision to use innovative techniques to overcome transportation challenges in Region-6.
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2. OBJECTIVES
The main objective of this study is to develop a practical and implementable numerical model to
evaluate the moisture regime within the pavement subgrade in response to site specific climate
data. This study is also aimed at developing implementable, realistic climatic input data for
establishing moisture boundary conditions above and below the subgrade soil within the moisture
active zone.
The specific objectives of this study can be listed as follows:
1. Collect and evaluate research quality climate data from Oklahoma Mesonet;
2. Develop a practical and implementable moisture regime prediction model; and
3. Compare the new model using the well-established models in the literature.
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3. LITERATURE REVIEW
Analysis of water flow through pavement subgrade system is an important part of the site-specific
design of pavements. The performance of a pavement depends on many factors such as the
structural adequacy, the properties of the materials used, traffic loading, climatic conditions and
the construction methods (1). Since unbound materials (subgrade soils and base course) are
significant portions of the construction of pavements, much of the distress, particularly for flexible
pavements, can be traced to problems in these materials. The performance specifications of
pavements should be based on the short and long-term behavior of unbound materials in terms of
the principals of unsaturated soil mechanics and seasonal variation of material properties in
response to climate. The Enhanced Integrated Climatic Model (EICM), which is an integral
component of the current AASHTO Pavement ME, plays an important role in defining the short
and long-term pavement materials properties used in the design guide. The EICM involves analysis
of water and heat flow through pavement layers in response to climatic, soil, and boundary
conditions above and below the ground surface in pavement structures. The goal of the mechanistic
design guide is to provide a quantitative and site-specific assessment of the pavement section
needed to resist the traffic and environmental loading during the design lifetime (2).

3.1. Enhanced Integrated Climatic Model (EICM)
Pavement performance is significantly affected by climatic interaction, specifically, where
subgrade has poor drainage system and consists of fine grain soils. Currently, the Enhanced
Integrated Climate Model (EICM) is utilized to predict the effect of climatic interaction with
pavement materials. According to the Mechanical-Empirical Pavement Design Guide (MEPDG),
results of EICM are used as an essential input for long term pavement design. The EICM has been
developed over a long period of time and utilized a statistical model of climate databases, a
hydraulic model for gravity drainage of water through soil, a surface heat transfer model, and a
one-dimensional diffusion model for coupled temperature and water flow including soil freezing
and frost heave (3-6). The original form of the EICM was formed by Lytton et al. (7) and has been
further updated by other researchers i.e., Larson and Dempsey (8).
The Pavement ME software simulates temperature and moisture profiles in the pavement structure
and subgrade over the design life of a pavement using the EICM. The EICM was further refined
in the new Pavement ME within NCHRP Project 1-37A. The EICM is composed of four major
components: The Precipitation (PRECIP) Model (7), the Infiltration and Drainage (ID) Model (5),
the Climatic-Material-Structural (CMS) Model (3), and the U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) Model (4) for frost-heave-thaw settlement. The EICM was
originally developed by integrating several previous models in order to predict the site-specific
flow of water and heat through layered pavement materials. The major function of the EICM model
in Pavement ME includes the prediction of the soil moisture content and soil water characteristics
curve (SWCC) from the material grain size distribution and index properties, and the National
Climatic Data Center (NCDC) database for sunshine, rainfall, wind speed, air temperature, and
relative humidity. However, due to the multiple phenomena considered by this model and the
complexity of the boundary conditions, the results from the EICM model are not well understood
(9).
The EICM has been tested independently by several states departments of transportation agencies
in the U.S. including Arkansas (10), Idaho (11), Minnesota (12), New Jersey (13, 14), and Ohio
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(15). Although all these states have been successful in matching their predictions of temperature
with field data by some extend, all have observed poor performance in matching measured
moisture (suction) distribution. This is mainly coming from complex characteristic of the model
which was derived from (i) the empirical nature of several of the components of the model; (ii) the
difference between the original developments of the component of models; (iii) the large number
of needed inputs i.e., climatic variables, hydraulic properties of soils and pavement overlay,
empirical “fitting” parameters that sometime is difficult to obtain for a location without site
investigation or laboratory testing and (iv) only considering a one-dimensional moisture and
temperature flow processes. By a careful evaluation of the EICM for different settings throughout
the country, Zapata and Houston (16) observed an improvement in performance of the EICM
analysis by specifying soil properties of site.
The EICM provides following outputs based on the climatic conditions at a road location (surface
temperature and precipitation), drainage behavior of the aggregate base from initially saturated
conditions, changes in pore water pressure and internal temperature distributions due to weather
fluctuations, and the likelihood of freeze-thaw conditions. These outputs have been useful for
design of drainage system and moisture barrier systems and have been correlated with the resilient
moduli of the different pavement layers. Thus, validation of EICM outputs for pavement design is
necessary and prevents over-design, resulting in high construction costs, or under-design, resulting
in premature pavement failure.

3.2. Moisture Variation Prediction Models
The current methods of the prediction of moisture regime over time can be classified into three
categories based on the state variables: (i) water content-based methods that use the soil water
content as a state variable, (ii) suction-based methods that use the suction as a state variable, and
(iii) seepage analysis.

3.2.1. Water Content-Based Methods
The soil movement due to environmental changes over time is related to soil suction changes.
However, water content is more easily measured than matric suction and may be sufficient for
predicting soil movement (17).
Briaud et al. (18) proposed a water content method to estimate variations in water content, Δw,
with depth and time. In their study, large water content databases were organized for several
locations in Texas using the field investigations. The procedures for the method include: (1)
Determine the depth Zmax of water content fluctuation and break the depth Zmax into an appropriate
number of n layers, (2) Determine the change in water content, Δw as a function of depth within
Zmax. Therefore, the range and the depth of water content variations can be estimated from a
combination of experiences, databases, observations, and calculations. More details of this method
are available in Briaud et al. (18).
Overton et al. (19) conducted analysis of the migration of the wetting front using the commercial
software VADOSE/W. VADOSE/W is a finite element program that can be used to model both
saturated and unsaturated flows in response to the changes in atmospheric conditions while
considering infiltration, precipitation, surface water runoff and ponding, plant transpiration and
actual evaporation, and heat flow. The VADOSE/W model requires several inputs e.g., climate
data, soil water characteristic curves, etc. The model is also required calibration by varying the
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permeability functions of the clay. The results of the VADOSE/W modeling are VWC or Water
content profiles for different sites conditions.

3.2.2. Suction-Based Methods
The moisture movement in unsaturated soils in terms of soil suction have been described by
researchers in the field of geotechnical engineering (20-26). Richards (27) proposed that the state
of the soil water can be presented by the soil suction much more effectively than the water content
for two reasons. Because soil suction is mainly controlled by the soil environment and not by the
soil itself, and it characteristically does not exhibit discontinuous trends. The soil suction profile
moves towards an equilibrium value at a particular depth which depends on climatic condition
while water content is highly sensitive to the soil material variables (e.g., soil type, clay content,
soil density, and soil structure). Moreover, the correlation between soil parameters (i.e.
permeability or hydraulic conductivity, diffusivity, and shear strength) and water content is not
significant unless other soil properties such as density and clay content are taken to account,
however these parameters can be correlated with soil suction. More importantly, suction is
considered as a stress state variable (24).
Mitchell (22) suggested that the movement of water through unsaturated expansive soils can be
adequately represented by diffusion equation in terms of soil suction expressed in pF units
(Equation 11). Mitchell (22) solved the diffusion equation for the pavement structure moisture
boundary conditions. The result was a suction profile beneath pavement based on monthly average
surface suction. The diffusion coefficient in the model can be measured in the laboratory (22) or
calculated from empirical equations (28-30).
The Mitchell (22) method has been adopted both using the 3-D (31) (SUCH model) and the 1-D
analysis (28-30). However, the application of these studies to practical problems depends on the
quantitative expression of the model parameters (i.e., the diffusion coefficient and the moisture
active zone depth) and the initial and boundary conditions. In SUCH model, the initial soil suction
value information is required for each nodal point. For this reason, it is a challenge to reliably
measure field suctions especially in expansive soils.
Adem and Vanapalli (32) proposed a simple method using the soil-atmosphere model
VADOSE/W to predict the variation of soil movement over time. The model has been developed
based on the assumption that the soil is an isotropic and linear elastic material. Similar to Overton
et al. (19) approach, VADOSE/W was used for simulating saturated and unsaturated flow in
response to environmental changes. More details of this method are available in Adem and
Vanapalli (32).

3.2.3. Seepage Analysis-Based Methods
In most seepage problems involving soil-atmosphere interaction, infiltration and runoff must be
considered. In the past empirical and semi-empirical functions have been proposed (33, 34).
However, more rigorous solutions, based on partial differential equations governing water flow
and based on soil-atmosphere coupling equations were emerged (35, 36).
Vu et al. (37) suggested that negative pore-water pressures (i.e., soil suctions) can be estimated
through a saturated–unsaturated seepage analysis. The governing partial differential equation for
saturated–unsaturated seepage is derived based on the following assumptions: (i) the air phase is
continuous and remains at atmospheric pressure; (ii) soil is isotropic, nonlinear, and elastic. This
5

Seepage Analysis-based method mainly employs the Fredlund’s approach in solving transient
water flow problem (38). Solving transient seepage problem required following soil properties
namely, the coefficient of water volume change (or coefficient of water storage), the coefficient of
permeability, and initial matric suction conditions. Both the coefficient of water storage and the
saturated coefficient of permeability are predominant functions of matric suction. The coefficient
of water storage is the slope of the soil water characteristic curve and can be obtained by
differentiating the soil-water characteristic curve with respect to matric suction. Numerous
equations have been proposed to simulate the soil-water characteristic curve (39-41). The
coefficient of permeability function can be indirectly computed or estimated from the soil-water
characteristic curve and the saturated coefficient of permeability. There are several equations for
the coefficient of permeability that have been proposed to represent the permeability function of
an unsaturated soil (39, 42, 43). Therefore, it is a challenge to reliably estimate of coefficient of
water storage and permeability and field suctions especially in expansive soils.
Abed et al. (44) conducted the unsaturated ground water flow analysis to estimate the field suction
variations. The PLAXFLOW finite element code (45) was used to simulate the unsaturated ground
water flow and to determine the suction variation with time. The transient flow calculations for the
infiltration and evaporation processes are very helpful. By applying transient boundary conditions,
the variation of a suction profile with time can be simulated. Limitations of this approach are (i)
the initial condition of suction, which was generated using the PAXFLOW code, and (ii) a
relatively small suction increment ∆s is required to insure numerical stability during stress
integration.

3.3. Equilibrium Suction for Subgrade Soil
Previous studies showed that matric suction in the subgrade soil within the center area of the
pavement reaches an equilibrium condition several years after construction (46, 47). More
importantly to predict pavement performance, an accurate estimate of equilibrium suction in the
subgrade is critical for determining the volume change and long-term resilient modulus of
subgrade soil. Current studies revealed that many factors affect the suction profile including
precipitation, evapotranspiration, field capacity, etc. (4, 49). These studies aimed at developing an
improved prediction model of equilibrium suction, which would take into account a variety of
influence factors.
Thornthwaite Moisture Index (TMI) was developed by Thornthwaite (50) and correlated with
various annual moisture balance parameters. TMI was also correlated with the depth of moisture
active zone and equilibrium suction (51-53). Gay (54) developed a relationship between mean
annual moisture depth and TMI. He used climatic data from 12 sites in Texas to find a correlation
between TMI values and mean moisture depth. The Post Tensioning Institute (PTI) and the
Australian standard AS2870 (2011) have also established a correlation between the TMI and
subgrade equilibrium suction.
However, existing studies showed that suction beneath covered areas was dependent on both
climatic factors and soil index properties (48, 55, 56). Recently, Witczak, Zapata and Houston (57)
proposed a statistical model to predict the subgrade equilibrium suction based on P200 and wPI
parameters, where P200 is the percent of material passing no. 200 (0.075 mm) sieve and wPI is the
product of P200 and plasticity index (PI). These correlation models were developed by using a
limited number of data sets that are highly variable (58). In this study, the accuracy of equilibrium
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suction prediction model was improved by adopting a mechanistic-empirical approach which
involved the suction profile and clay content as well as climatic factors.
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4. METHODOLOGY
This research study collected and evaluated the data obtained from Oklahoma Mesonet from 1994
to 2017. This was an extremely large cluster of climate data to evaluate and analyze. The TMI and
matric suctions are computed from the collected climatic data. The numerical modelling was
utilized, and the Mitchell (22) model was used to predict and calculate equilibrium matric suctions
from field suction measurements data.
The research quality data is available from Oklahoma Mesonet since the year 1994. The Oklahoma
Mesonet system is preferred in this study mainly because the climate data is rigorously monitored
and controlled, and more importantly the 121 weather stations across the state provide uniformly
distributed data over short distances. These features enable the use of the Mesonet data and become
an ideal platform in developing predictive models for moisture variations in subgrade soils.

4.1. Oklahoma Mesonet Climate Data
The Oklahoma Mesonet consists of 121 remote weather stations across Oklahoma which collect
and report current weather and soil moisture conditions to a central computer facility every 15
minutes (Oklahoma Climatological Survey, climate.ok.gov). This is a unique network that covers
short distances in the collection of the climate data in the U.S. (59). The network was established
jointly by Oklahoma State University and the University of Oklahoma in collaboration with the
Climatological Survey and other public and private agencies in early 1990s. The Oklahoma
Climatological Survey currently oversees Mesonet activities. Climatic variables are measured by
a set of instruments located on or near a 10-meters (33 ft) tall tower, and below ground surface.
On and above ground measurements include air temperature measurements at 1.5 m and 9 m above
ground surface, wind speed at 2 m and 10 m, relative humidity at 1.5 m above the ground surface,
solar radiation, barometric pressure, and rainfall. Soil temperature measurements at 5, 10, and 30
cm below the ground surface under bare and sod soil are recorded. Starting in 1996, the soil matric
suctions have been measured by a large number of Campbell Scientific 229-L thermal conductivity
sensors that were installed at depths of 5, 25, 60, and 75 cm below the ground surface. Figure 1
shows the distribution of the stations in Oklahoma. As of January 2007, the Oklahoma Mesonet
includes soil moisture sensors at a depth of 5 cm at 103 sites, 25 cm at 101 sites, 60 cm at 76 sites,
and 75 cm at 53 sites. The soil matric suction measurements are recorded every 30 minutes, 24
hours per day, and year-round. A detailed description of the thermal conductivity sensors can be
found in (60).
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Figure 1. Distribution of Mesonet weather stations across Oklahoma (www.mesonet.org).

4.1.1. Oklahoma Mesonet Station Layout
Each Mesonet station send data (the observations) every 5 to 15 minutes to an operation and
collection center located at the Oklahoma Climatological Survey (OCS) for verifying the quality
of the data, data generation, storage, and dissemination. The mission of the OCS is to operate a
world-class environmental monitoring network and to deliver high quality data to public and
researchers (59). One of the main objectives in establishing the Mesonet network was to ensure
that a station site be as representative of as large an area as possible. Therefore, site locations for
Mesonet stations fulfill a number of general requirements for meteorological and environmental
purposes (mesonet.org): (1) rural sites should be selected to avoid human influences present in
urban and suburban areas, (2) the physical characteristics of a site, including soil properties, should
be representative of as large an area as possible, (3) a site should be as far away as possible from
irrigated areas, lakes and forests to minimize their influence, (4) the land surface should be as flat
as possible, (5) there should be a minimum of obstructions that impede wind flow at the site, and
(6) sites should have a uniform low-cover vegetation. Bare soil should not be visible except over
the bare soil temperature measurements
A Mesonet station occupies an area of about 10 m × 10 m (33 ft × 33 ft) and contains a datalogger,
solar panel, radio transreceiver, lightning rod, and climate and environmental sensors located on
or surrounding a 10 m high tower. The sensors measure more than 20 environmental and soil
variables, the primary sensors are installed in all Mesonet sites and the secondary sensors are in
about 100 sites. The stations are equipped with the Campbell Scientific dataloggers CR10X-TD
and CR23X-TD for enhanced data storage and download. The 10 m high tower records the 5minute average wind speed. The 5-minute average air temperature is measured by a sensor at a
height of 1.5 meters above the ground. The total amount of precipitation is measured just above
the ground in discrete tips of the bucket (approximately 0.01 inch per tip, or 0.254 millimeters).
The average soil temperature during a 15-minute interval is measured at different depths below
the ground where the surface is not vegetated.
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4.1.2. Climate and Soil Moisture/Suction Data
Among 121 Mesonet stations shown in Figure 1, one station in each 77 counties of Oklahoma was
selected to represent the climate of that county and to collect the relevant climate and soil moisture
parameters for this study.
The hourly climatic data for the 77 selected stations has been obtained from the Oklahoma
Mesonet. Each climatic file consists of pressure, temperature, dew point, relative humidity, wind
direction, wind speed, maximum wind speed, precipitation, and solar radiation. Since the EICM
input files require only five parameters, only those five parameters from the Mesonet files are
selected. The temperature is the average air temperature at a height of 1.5 meters above the ground.
The wind speed is the average wind speed measured at a height of 10 meters above the ground.
The total amount of precipitation is measured just above the ground, and it is measured in discrete
tips of the bucket. Relative humidity changes when either the air moisture or the air temperature
changes. The relative humidity is measured at a height of 1.5 meters above the ground. Because
of the sensor's inaccuracy, all the measurements above 100% are recorded as 100%. Measured
solar radiation from the Mesonet is selected to calculate the percent sunshine. The solar radiation
is measured by a sensor called Pyranometer. The pyranometer detect solar radiation which is
reflected downward in the atmosphere.
Soil suction is a fundamental thermodynamic variable, and it is identical to the relative free energy
of the soil moisture (57). Recognizing the necessity of improving in-situ measurements of soil
moisture, (suction), the Oklahoma Mesonet scientists designed the soil moisture measuring
network to meet the needs from different disciplines. The soil moisture sensor installed at
Oklahoma Mesonet sites is called the Campbell Scientific 229-L sensor (Figure 2) (59). The sensor
records the temperature change after a heat pulse has been introduced. Soil matric suction can be
inferred by using the measured temperature difference. This sensor was chosen because of its small
size, easy incorporation into the whole network, and absence of harmful radiation (61).
Sensors were calibrated in laboratory before the installation, to remove the sensor-to-sensor
variability. Next, the sensors were installed at multiple independent depths (5 cm, 25 cm, 60 cm,
and 75 cm) to measure a temperature difference in the soil. The data are recorded every 30 minutes
at each site, and the operation center, located at the Oklahoma Climatological Survey (OCS),
remotely collects the data every 30 minutes as well (59, 61). The soil matric suction can be inferred
from the calibrated change in temperature of the soil over time after a heat pulse is introduced.

Figure 2. Campbell scientific 229-L sensor.
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4.1.3. Percent Sunshine from Solar Radiation
The Mechanistic-Empirical Design Guide of New and Rehabilitated Pavement Structures
(NCHRP 2004) (62) defined the percent sunshine as 0% for cloudy and 100% for clear sky. The
percent sunshine is used to define the cloud cover in the sky. Therefore, the percent sunshine and
percent cloud cover are direct opposite. Different methods have been developed to calculate the
percent sunshine. Heitzman et al. (63) classified different percent sunshine values based on
different categories of the sky coverage. Alternatively, a more universal approach has been
developed as a part of an ASCE task force to standardize the evapotranspiration equation (64).
𝑅𝑅

𝑓𝑓𝑐𝑐𝑐𝑐 = 1.35 𝑅𝑅 𝑠𝑠 − 0.35
𝑠𝑠𝑠𝑠

[1]

where:
The ratio Rs/Rso = the relative solar radiation (limited to 0.30 < Rs/Rso <1.00);
Rs = the measured or predicted solar radiation;
Rso = the predicted clear-sky radiation; and
fcd = the cloudiness function (ranged between 0.05 < fcd <1.00, which is dimensionless).
The National Cooperative Highway Research Program (NCHRP Report 2004) also suggests a very
similar approach to calculate the percent sunshine.
𝑆𝑆

𝑐𝑐
𝑄𝑄𝑠𝑠 = 𝑎𝑎𝑠𝑠 𝑅𝑅 ∗ [𝐴𝐴 + 𝐵𝐵(100
)]

[2]

where:
Qs = the net short-wave radiation;
as = the surface short-wave absorptivity;
A and B = Constants that account for diffuse scattering and adsorption, respectively;
Sc = the percent sunshine; and
R* = the extraterrestrial radiation.
Both Equations 1 and 2 were evaluated in detail and the results were compared. The results have
shown a small difference between the estimated percent sunshine obtained from these two
methods.
This research study follows the NCHRP Equation 2 (as recommended by the MEPDG) to convert
the measured solar radiation into an equivalent percent sunshine. Based on the NCHRP report
recommendations, all the computed percent sunshine above 100% are recorded as 100% and all
the values below 0% are recorded as 0%. Based on the obtained climate data from Oklahoma
Mesonet, the measured solar radiation is zero during the night and reaches a maximum value
around noon. By converting the measured solar radiation values into the equivalent percent
sunshine, using the NCHRP approach, the computed results indicate that the values of percent
sunshine are also zero during the night and reach the maximum around noon, and gradually
decrease in the afternoon.

4.2. Thornthwaite Moisture Index
Thornthwaite Moisture Index (TMI) is an important climatic parameter widely used by
geotechnical and pavement engineering community to predict the equilibrium soil suction beneath
the moisture active zone, as well as the depth to constant suction. The total monthly precipitation,
average monthly temperature, initial and maximum water storage values, the day length correction
11

factor, and the number of days for each month is required for calculating TMI. The precipitation
and temperature values were obtained from the local weather stations. The maximum water storage
which is a function of the soil type and the initial water storage depends on the climate and site
conditions. The day length correction factor is a constant for a given month and location (latitude).
The standards for TMI climate classification are (50):
20 ≤ TMI ≤ 100

Humid

0 ≤ TMI ≤ 20

Moist Sub-Humid

-20 ≤ TMI ≤ 0

Dry Sub-Humid

-40 ≤ TMI ≤ -20

Semi-Arid

TMI ≤ -40

Arid

4.2.1. Thornthwaite (1948) Equation
Thornthwaite (50) adopted a relatively simple model for the calculation of the adjusted potential
evapotranspiration as compared to some of the sophisticated (yet complex in terms of the
parameters involved) models available in the literature. The adjusted potential evapotranspiration
PETi for the month, i, is calculated using the following equation:
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 = 𝑒𝑒𝑖𝑖 (

𝐷𝐷𝑖𝑖 𝑁𝑁𝑖𝑖
30

)

[3]

where:
Di = Day length correction factor for the month i provided by McKeen and Johnson (28);
Ni = Number of days in the month i; and
ei = Unadjusted potential evapotranspiration (cm) for the month i calculated as:
10𝑡𝑡

𝑒𝑒𝑖𝑖 = 1.6( 𝐻𝐻 𝑖𝑖 )𝑎𝑎

[4]

ℎ𝑖𝑖 = (0.2𝑡𝑡𝑖𝑖 )1.514

[5]

𝑦𝑦

where:
ti = mean monthly temperature in °C; and
Hy = annual heat index that simply determined by summing the 12 monthly heat index values.
The heat index for each month is determined as follows:

and 𝑎𝑎 is a coefficient given by:

𝑎𝑎 = 6.74 × 10−7 𝐻𝐻𝑦𝑦3 − 7.17 × 10−5 𝐻𝐻𝑦𝑦2 + 0.017921𝐻𝐻𝑦𝑦 + 0.49239

[6]

Thornthwaite (50) equation is given as:
𝑇𝑇𝑇𝑇𝑇𝑇 =

(100𝑅𝑅−60𝐷𝐷)
𝑃𝑃𝑃𝑃

[7]

where:
D = Moisture deficit;
R = Runoff; and
PE = Net potential evapotranspiration.
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4.2.2. Thornthwaite and Mather (50) Equation
As mentioned previously, the original TMI method given by Thornthwaite (50) is computationally
intensive and requires soil and moisture storage information that may not be readily available at
many locations in Oklahoma or in the U.S. The simplified approach by Thornthwaite was later
modified by Thornthwaite and Mather (65). Figure 3 shows the contour maps developed using the
modified Thornthwaite and Mather (65) method. The approach requires only precipitation and
potential evapotranspiration at monthly intervals in evaluating the annual moisture index. The
simplified equation is given as:
𝑃𝑃

𝑇𝑇𝑇𝑇𝑇𝑇 = 100(𝑃𝑃𝑃𝑃 − 1)

[8]

where:
P = Annual precipitation; and
PE = Potential evapotranspiration.

Figure 3. TMI contour map based on Thornthwaite and Mather (65) method.

4.2.3. Witczak et al. (57) Equation
In 2006, Thornthwaite (50) equation was modified as part of the NCHRP 1-40D research project
for the development of the MEPDG Witczak et al. (57) and is given below:
𝑃𝑃

𝑇𝑇𝑇𝑇𝑇𝑇 = 75 (𝑃𝑃𝑃𝑃 − 1) + 10

[9]

The TMI for Oklahoma is determined using the Witczak et al. (57) equation. Extensive
computations have been carried out and TMI is calculated from 1994 to 2018 for the 77 Mesonet
weather stations representing 77 counties in the state. The ArcGIS software is used to depict the
TMI contour maps for Oklahoma. Contour maps consist of lines that connect points of equal values
of TMI for a certain region. Figure 4 shows the contour maps developed using Witczak et al. (57)
method.
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Figure 4. TMI contour map based on Witczak et al. (57) method.

4.3. Soil Suction Beneath Pavement
The Oklahoma Mesonet weather stations are equipped with CSI 229-L heat dissipation sensors at
depths of 5 cm, 25 cm, 60 cm, and 75 cm. The sensors are capable of measuring the matric suctions
indirectly through the heat dissipation capacity of the soil by measuring a temperature difference
between two reference points. The correlation between temperature difference and matric suction
of soil is given by the following equation (59):
𝑀𝑀𝑀𝑀 = −0.717𝑒𝑒 1.788∆𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

[10]

where
MP = soil matric suction (kPa); and
∆𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = reference temperature differential (°C).

Equation 10 was utilized to infer matric suction at various depths using temperature difference
references obtained from Mesonet Stations. For instance, Figure 5 shows the monthly mean matric
suctions for Lane station, Atoka county, Oklahoma during 2017.
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Lane Station, Atoka county, Oklahoma 2017
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Figure 5. Monthly mean matric suction at 5 cm, 25 cm and 60 cm depths in Lane station, Atoka county, Oklahoma during
2017.

4.4. Seepage Analysis Based Models
Groundwater flow problems in geotechnical engineering generally involve the solution of a partial
differential equation. Continuum mechanics principles and partial differential equations have been
traditionally used for modeling seepage in saturated/unsaturated systems. The partial differential
equations governing seepage may involve transient coupled soil-atmosphere processes with
nonlinear and heterogeneous soil properties along with non-linear boundary conditions (32, 66).
Although it is considered as a more rational approach in terms of the principles of mechanics,
constitutive laws and empirical equations as well as the input parameters involved, the seepage
analysis-based model is a very cumbersome approach and requires significant amount of input
parameters that are difficult to obtain.

4.4.1. Conservation of Mass
The fundamental law of conservation of mass of water is used to derive the governing equations
for saturated/unsaturated seepage problems. A continuum mechanics framework is usually utilized
to represent the fundamental conservation law. A differential equation of conservation of mass of
water can be developed by considering a soil representative elemental volume and fluxes at the
element faces (REV). The continuity equation can be derived by taking the flow rates in and out
of the REV and equating the difference to the rate of change of mass in the REV with time. The
Equation 11 is obtained by considering three-dimensional flow conditions (66).
−

𝜕𝜕𝑞𝑞𝑥𝑥𝑤𝑤
𝜕𝜕𝜕𝜕

−

𝑤𝑤
𝜕𝜕𝑞𝑞𝑦𝑦

𝜕𝜕𝜕𝜕

−

𝜕𝜕𝑞𝑞𝑧𝑧𝑤𝑤
𝜕𝜕𝜕𝜕

1 𝜕𝜕𝑀𝑀𝑤𝑤

= 𝑉𝑉

0

ð𝑡𝑡

[11]

where:
𝑞𝑞𝑖𝑖𝑤𝑤 = Total water flow rate in the i-direction across a unit area of the soil (kg/m2-s);
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𝑉𝑉0 = Referential volume, 𝑉𝑉0 = 𝑑𝑑𝑥𝑥 𝑑𝑑𝑦𝑦 𝑑𝑑𝑧𝑧 (m3);
𝑀𝑀𝑤𝑤 = Mass of water within the representative elemental volume (kg); and
t = Time (s).

Changes in Volume of Stored Water: The constitutive relationship for the amount of water
stored in the soil pores is usually given in terms of volume of water. The change in volume of
water stored in the soil pores can be expressed as function of coefficient of water storage, 𝑚𝑚2𝑤𝑤 as
follow:
𝑑𝑑𝑉𝑉𝑤𝑤
𝑉𝑉0

= 𝑚𝑚2𝑤𝑤 𝑑𝑑(𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 )

where:
𝑑𝑑(𝑉𝑉 /𝑉𝑉 )
𝑒𝑒
𝑑𝑑𝑑𝑑
𝑚𝑚2𝑤𝑤 = 𝑑𝑑(𝑢𝑢 𝑤𝑤−𝑢𝑢0 ) = 1+𝑒𝑒 𝑑𝑑(𝑢𝑢 −𝑢𝑢
𝑎𝑎

𝑤𝑤

𝑎𝑎

𝑤𝑤 )

[12]

;

𝑉𝑉𝑤𝑤 /𝑉𝑉0 = Volumetric water content;
e = Void ratio;
S = Degree of saturation; and
(𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 ) = Matric suction.

The above equation is based on the assumption that changes in the volume of pore-water stored in
the soil are function of changes in soil suction and are independent of changes in total stress (66).

4.4.2. Flow Laws
The flow rate of liquid water in saturated/unsaturated soils can be expressed by using a
generalization of Darcy’s law (67). Where the driving mechanism is the total hydraulic head
gradient. The hydraulic conductivity is considered to vary with matric suction. The generalized
Darcy’s law can be written as follows:
𝜕𝜕ℎ

𝜕𝜕ℎ

𝜕𝜕ℎ

𝑉𝑉𝑥𝑥𝑤𝑤 = −𝑘𝑘𝑥𝑥𝑤𝑤 (Ψ) 𝜕𝜕𝜕𝜕 ; 𝑉𝑉𝑦𝑦𝑤𝑤 = −𝑘𝑘𝑦𝑦𝑤𝑤 (Ψ) 𝜕𝜕𝜕𝜕 ; 𝑉𝑉𝑧𝑧𝑤𝑤 = −𝑘𝑘𝑧𝑧𝑤𝑤 (Ψ) 𝜕𝜕𝜕𝜕

[13]

where:
𝑉𝑉𝑖𝑖𝑤𝑤 = Liquid pore-water flow rate in the i-direction across a unit area of the soil due to hydraulic
head gradients (m/s);
𝑘𝑘𝑖𝑖𝑤𝑤 (Ψ) = Hydraulic conductivity in the i-direction (m/s);
h = Hydraulic head (m);
𝑢𝑢𝑤𝑤
ℎ=
+ 𝑧𝑧;
𝛾𝛾𝑤𝑤
𝑢𝑢𝑤𝑤 = Pore-water pressure (kPa);
𝛾𝛾𝑤𝑤 = Unit weight of water (kN/m3); and
𝑧𝑧 = Elevation (m).
The hydraulic conductivity function, 𝑘𝑘 𝑤𝑤 (Ψ) provides the relationship between the hydraulic
conductivity and matric suction or volumetric water content.
The flow rate of water vapor due to gradients in vapor concentration can be described using a
modified form of Fick’s law (68, 69).
𝑉𝑉𝑥𝑥𝑣𝑣 = −

𝑘𝑘 𝑣𝑣𝑣𝑣 𝜕𝜕𝑢𝑢𝑤𝑤
𝛾𝛾𝑤𝑤 𝜕𝜕𝜕𝜕

; 𝑉𝑉𝑦𝑦𝑣𝑣 = −

𝑘𝑘 𝑣𝑣𝑣𝑣 𝜕𝜕𝑢𝑢𝑤𝑤
𝛾𝛾𝑤𝑤 𝜕𝜕𝜕𝜕

; 𝑉𝑉𝑧𝑧𝑣𝑣 = −

𝑘𝑘 𝑣𝑣𝑣𝑣 𝜕𝜕𝑢𝑢𝑤𝑤
𝛾𝛾𝑤𝑤 𝜕𝜕𝜕𝜕

[14]
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where:
𝑘𝑘 𝑣𝑣𝑣𝑣 = Pore-water vapor conductivity by vapor diffusion within the air phase;
𝑊𝑊𝑣𝑣 𝑝𝑝𝑣𝑣
𝐷𝐷𝑣𝑣∗
;
𝑘𝑘 𝑣𝑣𝑣𝑣 = 𝛾𝛾𝑤𝑤
𝜌𝜌𝑤𝑤 𝑅𝑅(𝑇𝑇 + 273.15) 𝜌𝜌𝑤𝑤
𝑊𝑊𝑣𝑣 = Molecular weight of water vapor, 18.016 (kg/kmol);
𝑝𝑝𝑣𝑣 = Partial pressure of water vapor (kPa);
R = Universal gas constant 8.314 (J/mol.k);
T = Temperature (℃);
𝐷𝐷𝑣𝑣∗ = Vapor diffusivity through the soil (kPa);
(1−𝑆𝑆) 𝑛𝑛𝐷𝐷𝑣𝑣 𝑊𝑊𝑣𝑣
𝐷𝐷𝑣𝑣∗ =
(kg.m/kN.s); and
𝑅𝑅𝑅𝑅
𝐷𝐷𝑣𝑣 = Molecular diffusivity of vapor through soil (m2/s).

The soil properties 𝐷𝐷𝑣𝑣∗ and 𝐷𝐷𝑣𝑣 must be directly measured or estimated by using the value of
molecular diffusivity of vapor through air and combining that value with a tortuosity factor.

4.4.3. PDE for One-dimensional Seepage
In order to obtain the partial differential equation that governs the conservation of water mass (i.e.,
both liquid and vapor), the flow equations (Darcy and Fick’s laws), and a water volume change
constitutive equation must be combined with the continuity of water mass equation. Considering
the reference volume V0 is constant and water is incompressible, the following equation is obtained
for one-dimensional transient saturated/unsaturated seepage (66):
𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕ℎ

[(𝑘𝑘𝑦𝑦𝑤𝑤 + 𝑘𝑘 𝑣𝑣𝑣𝑣 ) 𝜕𝜕𝜕𝜕 − 𝑘𝑘 𝑣𝑣𝑣𝑣 ] = −𝛾𝛾𝑤𝑤 𝑚𝑚2𝑤𝑤 𝜕𝜕𝑡𝑡

[15]

where:
y = Coordinate in vertical direction, corresponding to elevation.
Three soil property functions can be identified in the transient seepage PDE; namely:
• Hydraulic conductivity function, 𝑘𝑘 𝑤𝑤
• Vapor conductivity function, 𝑘𝑘 𝑣𝑣𝑣𝑣 , and
• Soil-water characteristic curve, whose derivative with respect to matric suction represented
by 𝑚𝑚2𝑤𝑤 .
These soil properties functions vary with soil suction.

4.4.4. Boundary Conditions in Seepage
The boundary conditions associated with the seepage analysis are as follows (66):
• Natural boundary conditions: water flux.
• Essential boundary conditions: imposed water flux values or suctions.
Natural boundary conditions are appropriate choices for the representation of various situations,
such as simple soil-atmosphere fluxes, the water uptake inside a well, and the groundwater flow
taking place at the bottom of a domain. The natural boundary conditions associated with seepage
PDEs do not make distinction between the type of flow (i.e., whether it is liquid or vapor flow).
Essential boundary conditions may be used to represent numerous situations, such as the head
imposed to a surface by water reservoir or the head at the bottom of domain with relatively constant
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water table. In steady state problems, essential boundary conditions are always required. Transient
problem may or may not present an essential boundary condition.

4.4.5. Soil-Water Characteristic Curve
The soil-water characteristic curve is central to the application of unsaturated soil mechanics.
Representation of the soil-water characteristic curve may be accomplished through either fitting
existing data or estimating the curve from grain-size information (39, 40, 42, 70-73).
Van Genuchten & Mualem Equation: The van Genuchten and Mualem (71) curve fitting model
provides the soil-water characteristic curve given in Equation 16. It is similar in shape to the van
Genuchten model but reduces the number of required curve fitting parameters by one through an
assumed correlation between n and m.
1

𝑊𝑊𝑤𝑤 = 𝑊𝑊𝑟𝑟𝑟𝑟 + (𝑊𝑊𝑠𝑠 − 𝑊𝑊𝑟𝑟𝑟𝑟 )[

[1+(𝑎𝑎𝑚𝑚 ψ)𝑛𝑛𝑚𝑚 ][1−

]

1
]
𝑛𝑛𝑚𝑚

[16]

where:
𝑊𝑊𝑤𝑤 = Volumetric water content at any soil suction;
𝑊𝑊𝑟𝑟𝑟𝑟 = Residual volumetric water content;
𝑊𝑊𝑠𝑠 = Saturated volumetric water content;
𝑎𝑎𝑚𝑚 = A material parameter which is primarily a function of the air entry value of the soil (kPa);
𝑛𝑛𝑚𝑚 = A material parameter which is primarily a function of the rate of water extraction from the
soil once the air entry value has been exceeded; and
𝜓𝜓 = Soil suction.

4.4.6. Hydraulic Conductivity Estimation

Equations available in the literature for predicting the coefficient of permeability use the soil-water
characteristic curve data (40, 73, 74). Several investigators including Brooks and Corey (73) and
Mualem (71) have proposed closed-form equations to predict the coefficient of permeability of
unsaturated soils based on Burdine’s theory (75). The Brooks and Corey (73) equation does not
converge rapidly when used in numerical simulations of seepage in saturated-unsaturated soils.
The Mualem (71) equation is in integral form and it is possible to derive a closed-form analytical
equation provided a suitable equation is available for the soil-water characteristic curve.
The equation proposed for fitting the soil-water characteristic curve by van Genuchten (40) is
flexible and a continuous function. The closed-form equation proposed for estimating the
coefficient of permeability can be used for saturated-unsaturated seepage modeling.
𝐾𝐾(ψ) = 𝐾𝐾𝑠𝑠 [

(1−(𝑎𝑎𝑎𝑎)𝑛𝑛𝑛𝑛 [1+(𝑎𝑎𝑎𝑎)𝑛𝑛 ]−𝑚𝑚 )2
[1−(𝑎𝑎𝑎𝑎)𝑛𝑛]𝑚𝑚/2

]

[17]

where:
𝐾𝐾 = Hydraulic conductivity or permeability of the water phase;
𝐾𝐾𝑠𝑠 = Saturated hydraulic conductivity of the water phase determined by the van Genuchten;
𝑎𝑎 = van Genuchten soil-water characteristic curve fitting parameter;
𝑛𝑛 = van Genuchten soil-water characteristic curve fitting parameter;
𝑚𝑚 = van Genuchten soil-water characteristic curve fitting parameter; and
𝜓𝜓 = Soil suction.
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4.4.7. Soil Atmosphere Interaction Modeling
The water falling on the ground surface either infiltrates the soil at the same location, flows to
somewhere else as runoff, or it is rises to the sky through the process called “Actual Evaporation”.
The ground surface moisture and thermal flux equations can be written as follows (76).
𝑃𝑃 = 𝐴𝐴𝐴𝐴 + 𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜

[18]

𝑄𝑄𝑛𝑛 = 𝑄𝑄ℎ + 𝑄𝑄𝑙𝑙 + 𝑄𝑄𝑔𝑔

[19]

where:
𝑃𝑃 = Precipitation (m/day);
𝐴𝐴𝐴𝐴 = Actual evaporation from ground surface (m/day);
𝑁𝑁𝑁𝑁 = Net percolation or infiltration (m/day);
𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 = Runoff (m/day);
𝑄𝑄𝑛𝑛 = Net radiation (kJ/m2) or converted into (m/day);
𝑄𝑄ℎ = Sensible heat transferring from ground surface to air (kJ/m2) or converted into (m/day);
𝑄𝑄𝑙𝑙 = Latent heat associated with the water phase change including evaporation or freezing (kJ/m2)
or converted into (m/day); and
𝑄𝑄ℎ = Ground heat flux (kJ/m2) or converted into (m/day).
Precipitation information can be obtained from weather station records and is usually provided on
a daily basis. The mechanics of net infiltration, NP, can be described by Darcy’s law. Net radiation,
Qn, can also be obtained from weather station records or it can be approximated from solar
radiation using the ASCE Standardized Reference Evapotranspiration Equation. The latent heat,
Ql, can be estimated using an actual evaporation, AE, or formation of ice near the ground surface
during freezing. The sensible heat component, Qh, reflected from the ground surface to the air is
described as follows (76-78):
𝑄𝑄ℎ = 𝐶𝐶𝑓𝑓 𝜂𝜂𝜂𝜂(𝑢𝑢)(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎 )

[20]

where:
𝑄𝑄ℎ = Sensible heat (m/day);
𝐶𝐶𝑓𝑓 = Conversion factor (i.e., 1kPa = 0.0075 mHg);
𝑘𝑘𝑘𝑘𝑘𝑘

𝜂𝜂 = Psychometric constant 0.06733 ℃ 𝑎𝑎𝑎𝑎 20℃;
𝑓𝑓(𝑢𝑢) = Function depending on wind speed 𝑓𝑓(𝑢𝑢) = 0.35(1 + 0.146𝑊𝑊𝑤𝑤 ); and
𝑊𝑊𝑤𝑤 = Wind speed (km/hr).

Actual Evaporation, AE, is difficult to measure directly but can be estimated from fundamental
thermodynamics principles. Equations 18 and 19 are fundamental to describing the coupling of
moisture and heat flow processes. Actual evaporation, AE, depends on the water content and
temperature of soil at ground surface as well as the relative humidity in the air above ground
surface. In addition, the rate of evaporation also depends on the air temperature. The air
temperature and soil temperature at the ground surface are generally not of the same but are interrelated by the net radiation, Qn, latent heat, Ql, and sensible heat, Qh. The available surface water
controlled by total precipitation, actual evaporation, and runoff. These variables play important
role in partitioning the convective heat flux into sensible heat and latent heat (79).
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Evaporation: The effects of evaporation on a soil near the ground surface depend on the suction
gradient between the soil surface and the atmosphere. Potential evaporation, PE, is the amount of
evaporation that would occur for the saturated soil. The potential evaporation at a materialatmosphere boundary can be calculated using the following formulation (77):
𝑃𝑃𝑃𝑃 =

Γ𝑄𝑄𝑛𝑛 +𝜂𝜂𝐸𝐸𝑎𝑎
Γ+𝜂𝜂

[21]

where:
𝑃𝑃𝑃𝑃 = Potential evaporation (m/day);
𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑎𝑎 = Flux associated with “mixing”; 𝑓𝑓(𝑢𝑢)𝐶𝐶𝑓𝑓 𝑢𝑢𝑐𝑐0
(1 − ℎ𝑟𝑟 ) (m/day);
𝑓𝑓(𝑢𝑢) = 0.35(1 + 0.146𝑊𝑊𝑤𝑤 );
𝑊𝑊𝑤𝑤 = Wind speed (km/hr);
𝐶𝐶𝑓𝑓 = Conversion factor (i.e., 1kPa = 0.0075 mHg);
𝑎𝑎𝑎𝑎𝑎𝑎
);
ℎ𝑟𝑟 = Relative humidity in the air above the ground (i.e., ℎ𝑟𝑟 = 𝑢𝑢𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 /𝑢𝑢𝑣𝑣0
𝑎𝑎𝑎𝑎𝑎𝑎
𝑢𝑢𝑣𝑣 = Water vapor pressure in the air above ground surface (kPa);
𝑎𝑎𝑎𝑎𝑎𝑎
= Saturated vapor pressure at the mean air temperature (kPa);
𝑢𝑢𝑣𝑣0
Γ = Slope of saturation vapor pressure vs. temperature curve (𝑘𝑘𝑘𝑘𝑘𝑘/℃);
𝑄𝑄𝑛𝑛 = Net radiation at the water surface (m/day); and
𝜂𝜂 = Psychrometric constant, 0.06733 (𝑘𝑘𝑘𝑘𝑘𝑘/℃).

𝑎𝑎𝑎𝑎𝑎𝑎
The 𝑢𝑢𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 , 𝑢𝑢𝑣𝑣0
and Γ can be calculated from temperature as proposed by Lowe (80).

𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑎𝑎0 + 𝑎𝑎1 𝑇𝑇𝑠𝑠 + 𝑎𝑎2 𝑇𝑇𝑠𝑠2 + 𝑎𝑎3 𝑇𝑇𝑠𝑠3 + 𝑎𝑎4 𝑇𝑇𝑠𝑠4 + 𝑎𝑎5 𝑇𝑇𝑠𝑠5 + 𝑎𝑎6 𝑇𝑇𝑠𝑠6

[22]

Γ = 𝑎𝑎0 + 2𝑎𝑎2 𝑇𝑇𝑠𝑠 + 3𝑎𝑎3 𝑇𝑇𝑠𝑠2 + 4𝑎𝑎4 𝑇𝑇𝑠𝑠3 + 5𝑎𝑎5 𝑇𝑇𝑠𝑠4 + 6𝑎𝑎6 𝑇𝑇𝑠𝑠5

[24]

𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑎𝑎0 + 𝑎𝑎1 𝑇𝑇𝑠𝑠 + 𝑎𝑎2 𝑇𝑇𝑠𝑠2 + 𝑎𝑎3 𝑇𝑇𝑠𝑠3 + 𝑎𝑎4 𝑇𝑇𝑠𝑠4 + 𝑎𝑎5 𝑇𝑇𝑠𝑠5 + 𝑎𝑎6 𝑇𝑇𝑠𝑠6

[23]

where:
𝑇𝑇𝑠𝑠 = Temperature at the material surface (℃);
𝑇𝑇𝑎𝑎 = Atmosphere air temperature (℃);
𝑎𝑎0 = 0.6183580754;
𝑎𝑎1 = 0.041142732;
𝑎𝑎2 = 0.0017217473;
𝑎𝑎3 = 0.000074108;
𝑎𝑎4 = 0.0000003985; and
𝑎𝑎5 = 0.0000000022.

The net radiation can be calculated using ASCE Standardized Reference Evapotranspiration
Equation (81). The detailed procedure to calculate the net radiation is discussed in ASCE
Standardized Reference Evapotranspiration Equation which depends on the surface cover and
quality of the data collected from weather station.

4.5. Surface Suction Function
The suction distribution throughout the soil subgrade can be predicted using the diffusion equation
proposed by Mitchell (22). According to Mitchell, suction change due to the effect of climate,
drainage and site cover is a periodic function of time and can be determined by solving the
diffusion equation for these boundary conditions.
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𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕2 𝑢𝑢

= 𝛼𝛼 ð𝑥𝑥 2

[25]

Boundary conditions:
𝑢𝑢(𝑜𝑜, 𝑡𝑡) = 𝑢𝑢𝑜𝑜 cos(𝑤𝑤𝑤𝑤)

𝑢𝑢(𝑥𝑥, 𝑡𝑡) → 0 𝑎𝑎𝑎𝑎 𝑥𝑥 → ∞

where:
u = Soil suction expressed as a pF;
𝛼𝛼 = Diffusion coefficient (cm2/s);
t = Time (s); and
x = Coordinate.
The solution to the diffusion equation that solved by linear homogeneous equation of the fourth
order is:
𝑤𝑤

𝑤𝑤

𝑢𝑢(𝑥𝑥, 𝑡𝑡) = 𝑈𝑈𝑜𝑜 𝑒𝑒 −√(2𝛼𝛼𝑥𝑥) cos(𝑤𝑤𝑤𝑤 − √(2𝛼𝛼 𝑥𝑥)
[26]
If the soil surface subjected to a periodic suction change of frequency 𝑛𝑛, 𝑢𝑢(𝑜𝑜, 𝑡𝑡) can be written as:
𝑢𝑢(𝑜𝑜, 𝑡𝑡) = 𝑈𝑈𝑒𝑒 + 𝑈𝑈𝑜𝑜 cos (2𝜋𝜋𝜋𝜋𝜋𝜋)

Then the suction at any depth 𝑦𝑦 can be written as:
𝑛𝑛𝑛𝑛

[27]

𝑛𝑛𝑛𝑛

𝑢𝑢(𝑦𝑦, 𝑡𝑡) = 𝑈𝑈𝑒𝑒 + 𝑈𝑈𝑜𝑜 𝑒𝑒 −√( 𝛼𝛼 )𝑦𝑦 cos(2𝜋𝜋𝜋𝜋𝜋𝜋 − √( 𝛼𝛼 )𝑦𝑦)

[28]

where:
𝑈𝑈𝑒𝑒 = Equilibrium suction below the moisture active zone depth [pF (kPa)]; and
𝑈𝑈𝑜𝑜 = Amplitude of suction variation.

The equation is a function of the coefficient of diffusion; 𝛼𝛼 and as depth increases the suction
decreases exponentially.

Effect of climate variation can be expressed by imposing an arbitrary state of suction. The arbitrary
1
state of suction as a function of time 𝑢𝑢(𝑜𝑜, 𝑡𝑡) and for any periodic function of period 2𝑝𝑝 = 𝑛𝑛 can be
written as a Fourier series. Thus, the total effect of 𝑢𝑢(𝑜𝑜, 𝑡𝑡) corresponds to sum of all the effect at
each partial wave.
𝑢𝑢(𝑜𝑜, 𝑡𝑡) =

𝑈𝑈𝑜𝑜

+ 𝑈𝑈1 cos(𝑛𝑛2𝜋𝜋𝜋𝜋) + 𝑈𝑈2 cos(2𝑛𝑛2𝜋𝜋𝜋𝜋) + ⋯ 𝑒𝑒𝑒𝑒𝑒𝑒.
[29]
𝑈𝑈𝑜𝑜
𝑢𝑢(𝑦𝑦, 𝑡𝑡) =
+ 𝑈𝑈1 e−𝑦𝑦√(𝑛𝑛𝑛𝑛/𝛼𝛼) cos(𝑛𝑛2𝜋𝜋𝜋𝜋 − 𝑦𝑦√(𝑛𝑛𝑛𝑛/𝛼𝛼)) +
2
𝑈𝑈2 e−𝑦𝑦√(2𝑛𝑛𝑛𝑛/𝛼𝛼) cos(2𝑛𝑛2𝜋𝜋𝜋𝜋 − 𝑦𝑦√(2𝑛𝑛𝑛𝑛/𝛼𝛼)) + ⋯ 𝑒𝑒𝑒𝑒𝑒𝑒.
[30]
2

where:
y = Depth of measured suction; and
𝑈𝑈0 , 𝑈𝑈1 , 𝑈𝑈2 … . 𝑒𝑒𝑒𝑒𝑒𝑒.. = Fourier Coefficients which can determined from Equation 31.
2

𝑝𝑝

𝑈𝑈𝑚𝑚 = 𝑃𝑃 ∫0 𝑢𝑢(𝑜𝑜, 𝑡𝑡) cos(

2𝑚𝑚𝑚𝑚𝑚𝑚
𝑝𝑝

) 𝑑𝑑𝑑𝑑, 𝑚𝑚 = 0, 1, 2 …

[31]

Then for a period of 12 month, the Fourier coefficients can be written as
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𝑈𝑈𝑚𝑚 =

2

1

[∫ 𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐
12 0 1

12
+ ∫11 𝑆𝑆12

𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚𝑚𝑚𝑚𝑚
6

𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑]

6

2

𝑑𝑑𝑑𝑑 + ∫1 𝑆𝑆2 𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚𝑚𝑚𝑚𝑚
6

𝑑𝑑𝑑𝑑 + ⋯

[32]

where:
𝑆𝑆1 , 𝑆𝑆2 , … , 𝑆𝑆12 = Monthly average of the surface suction.

Equation 30 implies that the amplitude of suction at any depth decreases exponentially as a
function of the coefficient of diffusion 𝛼𝛼,and that the suction at the depth y lags behind the suction
at the surface 𝑦𝑦 = 0 by a time equal to:
𝑦𝑦

1

𝑡𝑡 = 2 √𝛼𝛼𝛼𝛼𝛼𝛼

[33]

where:
𝑡𝑡 = Time lag (s);
𝛼𝛼 = Diffusion coefficient (cm2/s); and
𝑦𝑦 = Depth (cm).
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5. ANALYSIS AND FINDINGS
This research study resulted in some practical guidelines that could be used to determine the
moisture boundary conditions within the pavement structure. These boundary conditions can
involve the maximum and minimum variations of the surface moisture conditions, and their
variations with depth within the moisture active zone. The proposed moisture variation model was
tested, and the results compared with the predicted values from a well-established climatic model
in the literature.

5.1. Proposed Prediction Model
There are several moisture regime prediction models available in the literature. All these models
(including EICM) are complicated and require substantial amount of input data and information.
Mitchell (22) proposed a model that includes the pavement structure moisture boundary
conditions.
In this study, the Mitchell (22) model is modified by incorporating the climate data collected on a
regular basis from Oklahoma Mesonet weather stations. The Oklahoma Mesonet climate data are
essential components of this study for the improvement of the model. The new model is a practical
and implementable tool for pavement engineers in predicting site specific moisture variations
underneath the pavement within the moisture active zone in response to wetting and drying
weather cycles.
The suction change in soil due to the effects of climate, drainage and site cover is a periodic
function of time. By solving the diffusion equation for these boundary conditions, the suction at
any time at any depth in the soil profile can be determined. The results of the Mitchell model have
shown moderate to good correlation with the field measurements of soil suction from Oklahoma
Mesonet. However, the application of the Mitchell model to practical problems depends on the
quantitative expression of the model parameters (i.e., the diffusion coefficient).
It is intended in this study that the Mitchell (22) is modified and improved by using surface suction
functions as described in previous chapters and incorporating the climate data collected on a
regular basis at weather stations. MATLAB was used to develop and predict the suction profile
beneath pavement based on monthly average surface suction and measured suction surface for a
day. The study utilized the climate data from nearest Oklahoma Mesonet to construct the suction
profile. For instance, Figure 6 shows the suction distribution profile constructed by fitted measured
suction for Ardmore, Carter County, Oklahoma. The modified Mitchell model successfully used
the measured suction from the field and computed the diffusion coefficient.
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Figure 6. Suction distribution profile with respect to measured suction at 25 cm depth on 06/10/2017 at Ardmore, Carter
county, Oklahoma.

5.1.1. Diffusion Coefficient
The magnitude and rate of transient moisture flow in an unsaturated soil in response to suction
changes is controlled by the unsaturated moisture diffusion coefficient, which is a fundamental
soil parameter in Mitchell’s model. An attempt has been made to back calculate the diffusion
coefficient by using a function that represents the suction change at the surface. The amplitude of
the suction change decreased as the depth increased as given in Equation 16. As it was mentioned,
amplitude also increases with increasing diffusion coefficient. Therefore, amplitude is a function
of the diffusion coefficient of the soil. A successful approach was to plot the suction data versus
depth with respect to time. The field data obtained near the surface were plotted and compared to
calculated values from Equation 16 at various values of diffusion coefficient at similar depths. The
value of the diffusion coefficient was selected by computing and fitting values from Equation 16
with respect to field data obtained near the surface. Table 1 shows the predicted diffusion
coefficients for 15 Mesonet stations.
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Table 1. Diffusion coefficient prediction from 15 Mesonet stations.
Station ID

City

County

Depth
[cm (ft)]

ARD2
ARNE

Ardmore
Arnett

Carter
Ellis

25 (0.8)
25 (0.8)

BURN

Burneyville

Love

CENT

Centrahoma

CLOU
DURA

Diffusion coefficient
(cm2/s)
3.00E-05

Equilibrium suction
[kPa (pF)]
33 (2.5)

8.00E-04

43 (2.6)

25 (0.8)

7.72E-04

26 (2.4)

Coal

25 (0.8)

1.46E-05

15 (2.2)

Cloudy

Pushmataha

25 (0.8)

3.84E-04

21 (2.3)

Durant

Bryan

25 (0.8)

4.23E-04

26 (2.4)

GOOD

Goodwell

Texas

25 (0.8)

8.53E-04

78 (2.9)

HUGO

Hugo

Choctaw

25 (0.8)

1.04E-04

22 (2.3)

JAYX

Tishomingo

Johnston

25 (0.8)

1.42E-04

17 (2.2)

LANE

Lane

Atoka

25 (0.8)

4.10E-04

35 (2.5)

MAYR

May Ranch

Woods

25 (0.8)

3.60E-04

56 (2.8)

SALL

Sallisaw

Sequoyah

25 (0.8)

7.74E-04

12 (2.1)

TIPT

Grandfield

Tillman

25 (0.8)

5.68E-04

21 (2.3)

VINI

Centralia

Craig

25 (0.8)

8.32E-04

22 (2.3)

WIST

Wister

LeFlore

25 (0.8)

7.43E-04

32 (2.5)

5.2. Seepage Analysis Based Model using Finite Element Method
This study used the SVFlux software package, (82), to compare the results with the onedimensional soil–atmosphere model, developed in this study, based on the measured climate data
at three Oklahoma Mesonet sites. SVFlux makes use of a general finite element solver to solve the
Richards equation for both saturated and unsaturated flow. The finite element solver makes use of
automatic mesh generation and automatic mesh refinement techniques in solving flow problems.

5.2.1. Soil–atmosphere interaction for the Oklahoma Mesonet sites
The 1D SVFlux moisture migration model consists of a single layer soil with 5m thickness. The
soil properties were collected from subsurface investigations that were performed by Scott et al.
(83) to estimate the soil properties, including the saturated hydraulic conductivity ks; percentages
of sand, silt and clay; and the parameters defining the SWCCs. Table 2 shows the soil properties
for three Mesonet sites in Oklahoma. The SWCCs describe the variation in soil moisture content
with respect to changes in soil suction. In this study, the van Genuchten and Mualem SWCC (1975)
method was adopted as described in the previous chapter. The SWCCs for this study obtained
using the fitting parameters provided by Scott et al. (83). The 1D soil–atmosphere interaction
model created using SVFlux for the Oklahoma Mesonet sites is depicted in Figure 7.
Table 2. Soil properties for three Mesonet stations.
Station ID

𝜃𝜃𝑠𝑠

𝜃𝜃𝑟𝑟

DURA

Soil texture
class
Clay loom
Clay loom

0.427
0.402

0.068
0.064

HUGO

Clay

0.432

0.067

ARD2

𝑘𝑘𝑠𝑠
(m/hr)
0.1188

𝛼𝛼
(kPa-1)
0.078

1.252

0.161

0.12

1.262

0.0844

0.08

1.354

n

25

Figure 7. The 1D SVFlux moisture migration model.

Boundary Conditions: Hourly climatic data derived from Mesonet measurements were applied
at the soil surface as a climatic boundary condition. Runoff was applied on the soil surface with
the pounding height set to zero. By using the known station latitudes, longitudes and elevations,
the methodology given by ASCE Standardized Reference Evapotranspiration Equation was
applied to convert the incoming solar radiation measurements provided by the Mesonet data to net
radiation, which is a parameter needed in the SVFlux Climate Manager.
Actual Evaporation: In 1994, Wilson proposed a modification to a well-known Penman (77)
equation for the calculation of Potential Evaporation, PE. The modified equation has become
known as the Wilson-Penman equation (84). The Wilson-Penman equation takes into account the
difference between the soil surface and air. This study adopted the Wilson-Penman (84) SVFlux
model which has following assumptions:
• Moisture and vapor flow occur through the soil.
• The soil temperature in the entire domain is constant. In other words, the ground thermal
flux is neglected.
• The soil temperature at the surface can be different from the air temperature. The heat
exchanged between air and soil surface follows the convection law as given in Equation
20.
• Actual Evaporation is calculated using Wilson-Penman (84) equation. The Wilson-Penman
(1994) equation for actual evaporation, AE, is written as follows:
𝐴𝐴𝐴𝐴 =

Γ𝑄𝑄𝑛𝑛 +𝜂𝜂𝐸𝐸𝑎𝑎
Γ+𝜂𝜂/ℎ𝑠𝑠

[34]

where:
𝐴𝐴𝐴𝐴 = Actual evaporation (m/day);
𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑎𝑎 = Flux associated with “mixing”; 𝑓𝑓(𝑢𝑢)𝐶𝐶𝑓𝑓 𝑢𝑢𝑐𝑐0
(1 − ℎ𝑟𝑟 ) (m/day);
26

𝑓𝑓(𝑢𝑢) = 0.35(1 + 0.146𝑊𝑊𝑤𝑤 );
𝑊𝑊𝑤𝑤 = Wind speed (km/hr);
𝐶𝐶𝑓𝑓 = Conversion factor (i.e., 1kPa = 0.0075 mHg);
𝑎𝑎𝑎𝑎𝑎𝑎
ℎ𝑟𝑟 = Relative humidity in the air above the ground (i.e., ℎ𝑟𝑟 = 𝑢𝑢𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 /𝑢𝑢𝑣𝑣0
);
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
ℎ𝑠𝑠 = Relative humidity at the soil surface (i.e., ℎ𝑠𝑠 = 𝑢𝑢𝑣𝑣 /𝑢𝑢𝑣𝑣0 );
𝑢𝑢𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 = Water vapor pressure in the air above ground surface (kPa);
𝑎𝑎𝑎𝑎𝑎𝑎
𝑢𝑢𝑣𝑣0
= Saturated vapor pressure at the mean air temperature (kPa);
𝑢𝑢𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = Vapor pressure in the soil at ground surface (kPa);
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= Saturated vapor pressure in the soil at ground surface (kPa);
𝑢𝑢𝑣𝑣0
Γ = Slope of saturation vapor pressure vs. temperature curve (𝑘𝑘𝑘𝑘𝑘𝑘/℃);
𝑄𝑄𝑛𝑛 = Net radiation at the water surface (m/day); and
𝜂𝜂 = Psychrometric constant, 0.06733 (𝑘𝑘𝑘𝑘𝑘𝑘/℃).
The parameter, Γ, is obtained from Equation 33.

Γ = 0.041142732 + 2 × 0.0017217473𝑇𝑇𝑠𝑠1 + 3 × 0.0000174108𝑇𝑇𝑠𝑠2
+4 × 0.0000003985𝑇𝑇𝑠𝑠3 + 5 × 0.0000000022𝑇𝑇𝑠𝑠4

[35]

5.3. Comparison of Results

In this section, soil suction profiles predicted by the Seepage Analysis Based Model are compared
with the profiles predicted using the model developed in this study for three Oklahoma Mesonet
sites for the year 2018.

5.3.1. ARD2 Station
The climatic data acquired from ARD2 station over a period of 8640 h (365 d) in 2018 are shown
in Figures 8 to 12. The initial soil suction profile was assigned using equilibrium suction values
estimated by the proposed model. The comparison of results between the proposed model and
Finite Element (FE) Seepage simulation are presented in Figure 13. Overall, the proposed model
and FE Seepage simulated soil suction values for ARD2 station over the time period of interest
showed more variations near the surface. The FE Seepage simulated soil suction profile revealed
drier soil near the surface for the time of the analysis (09/04/2018) while the proposed model
predicted a suction profile in agreement with the measured suction on 09/04/2018 as shown in
Figure 13.
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Figure 8. Climatic data collected at the ARD2 station in 2018, time series of air temperature.
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Figure 9. Climatic data collected at the ARD2 station in 2018, time series of relative humidity.
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Figure 10. Climatic data collected at the ARD2 station in 2018, time series of wind speed.
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Figure 11. Climatic data collected at the ARD2 station in 2018, time series of precipitation.
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Figure 12. Climatic data collected at the ARD2 station in 2018, time series of net solar radiation.
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Figure 13. Predicted soil suction profiles at 09/04/2018 - ARD2 station in 2018.

5.3.2. DURA Station
The climatic data acquired from DURA station over a period of 8640 h (365 d) in 2018 are shown
in Figures 14 to 18. The comparison of the results between the proposed model and FE Seepage
simulation are presented in Figure 19. Overall, the proposed model and FE Seepage simulated soil
suction values for DURA station over the time period of interest showed more variations near the
surface. The FE Seepage simulated soil suction profile tends towards the dry boundary suction
envelope while the proposed model remains in the middle of two boundaries with the predicted
profile passing through the measured suction value on 09/18/2018.

30

Air Temperature
50

40

Air temperature (°C)

30

20

10

0

-10

-20
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan
2018

Time (month)

Figure 14. Climatic data collected at the DURA station in 2018, time series of air temperature.
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Figure 15. Climatic data collected at the DURA station in 2018, time series of relative humidity.
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Figure 16. Climatic data collected at the DURA station in 2018, time series of wind speed.
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Figure 17. Climatic data collected at the DURA station in 2018, time series of precipitation.
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Figure 18. Climatic data collected at the DURA station in 2018, time series of net solar radiation.
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Figure 19. Predicted soil suction profile at 09/18/2018 - DURA station in 2018.

5.3.3. HUGO Station
The climatic data acquired from HUGO station over a period of 8640 h (365 d) in 2018 are shown
in Figures 20 to 24. The comparison of the results between the proposed model and FE Seepage
simulation are presented in Figure 25. Overall, the proposed model and FE Seepage simulated soil
suction values for HUGO station for the time of the analysis (09/17/2018) showed more variations
near the surface. Similar to two other stations, the FE Seepage simulated soil suction profile tends
toward the dry boundary condition and predicts higher suction near the ground surface. However,
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the agreement in the prediction of the profiles for 09/17/2018 from both models was slightly better
for the HUGO station.
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Figure 20. Climatic data collected at the HUGO station in 2018, time series of air temperature.
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Figure 21. Climatic data collected at the HUGO station in 2018, time series of relative humidity.
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Figure 22. Climatic data collected at the HUGO station in 2018, time series of wind speed.
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Figure 23. Climatic data collected at the HUGO station in 2018, time series of precipitation.
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Figure 24. Climatic data collected at the HUGO station in 2018, time series of net solar radiation.
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Figure 25. Predicted soil suction profile at 09/17/2018 - HUGO station in 2018.

The comparison of the results from the SVFlux and the proposed model for the three weather
stations clearly indicates that the proposed model (or modified Mitchell model) suction profile
predictions are in agreement with the measured suction value close to the surface at the time of the
analysis. However, the SVFlux predictions are inclined more towards the dry suction envelope.
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5.4. Correlation Between Environmental Parameters and Suction
Previous studies showed that the suction beneath covered areas mainly depends on climatic factors
and soil properties (28, 46, 48,55, 85-88). Based on the literature review, and this study, it was
found out that a suitable statistical model can be developed to estimate the equilibrium suction in
the subgrade soil from climatic parameters and soil properties. The environmental data were
obtained from the Oklahoma Mesonet stations. The following parameters were considered in the
analysis:
• Annual mean relative humidity,
• Monthly mean relative humidity,
• Annual mean temperature,
• Monthly average temperature,
• Annual precipitation,
• Annual mean sunshine,
• Annual mean windspeed,
• Annual mean percent sunshine,
• Clay content at 20cm depth,
• TMI.
The matric suction data set used in the correlations was obtained from the prediction model, as
stated above.

5.4.1. Equilibrium Suction Model
In the correlation process, each data set was plotted and evaluated for significant trends. Figure 26
illustrates the correlation between the equilibrium suction and climate variables. For example, the
matric suction decreased as annual mean relative humidity increased. The clay content has direct
relation with suction and as clay content increases the matric suction increases.
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(a)

(b)

(c)
(d)
Figure 26. Correlation between the equilibrium suction and Clay content (a), TMI (b), Relative humidity (c), and Relative
humidity vs. TMI (d).

The current study revealed that relative humidity (RH), clay content (%), and TMI by
Thornthwaite and Mather (65) are statistically significant parameters and have correlation with the
suction (kPa). The statistical analysis yielded suction values that decreased as TMI increased. The
data set has the following range of annual mean relative humidity of 59% to 76% and clay contents
of 10% to 60% at 20 cm depth.
A non-linear model was fitted to the dataset. The F-test of overall significance was used to
determines whether the relationship is statistically significant for the equilibrium suction model.
Results of the computation are as follows:
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑏𝑏0 + 𝑒𝑒 𝑏𝑏1 +𝑏𝑏2 (𝑅𝑅𝑅𝑅)+𝑏𝑏3 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)+𝑏𝑏4(𝑇𝑇𝑇𝑇𝑇𝑇)+𝑏𝑏5(𝑅𝑅𝑅𝑅×𝑇𝑇𝑇𝑇𝑇𝑇)

[36]

Values of the constants obtained through the regression process are:
𝑏𝑏0 = −100;
𝑏𝑏1 = 6.161;
𝑏𝑏2 = −0.0206;
𝑏𝑏3 = 0.0036;
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𝑏𝑏4 = 0.0292;
𝑏𝑏5 = 0.0004;
𝑅𝑅 2 = 71.4; and
Number of observations = 70.

5.3.2. Error Analysis
To evaluate the agreement of the measured data points with the equilibrium suction model, an error
analysis was performed. The suction values for each site were estimated using the new model
(Spredicted) and compared with the measured values (Smeasured). The absolute mean error (eabsolute) and
algebraic mean error (ealgebraic) were calculated using Equations 37 and 38, where n is the number
of observations.
𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

∑|

𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑛𝑛

|

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∑(

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑛𝑛

[37]
)

[38]

Results from the error analyses of the model were compared with the error analysis obtained from
Zapata et al. (88) model. The analysis yielded a mean absolute error of 1.2% and mean algebraic
error of 0.02%. The values for the mean absolute error and the mean algebraic error from Zapata
et al. (88) model were found to be 9.5% and 2.1% respectively. The comparison indicates that the
equilibrium suction under subgrade soil can be predicted better by utilizing relative humidity, clay
content, and TMI.

5.4. Guidelines for Analyzing Relevant Climate Data for Pavement Analysis
The objective of this research study was to develop a moisture prediction model that could be used
to determine the moisture distribution profile underneath the pavement structure. The moisture
prediction model presented in the last two chapters can easily be programmed into spreadsheet
using the guidelines presented below.
1. Data Preparation:
Climate data is essential part of the proposed model in this study. Therefore, assessing the
integrity of weather data used for estimating climatic variables and replacing missing data
are necessary. The calculation of TMI and matric suction require measurements or
estimates for air temperature, humidity, precipitation, solar radiation, and wind speed.
These parameters are considered to be the minimum requirements to estimate TMI and
matric suction.
•

•

Mean Air Temperature (T)
For the standardized method, the mean air temperature, T, for a daily time step is
preferred as the mean of the average of hourly temperature measurements to
provide for consistency across all data sets.
Mean Relative Humidity (RH)
For the standardized method, the mean relative humidity, RH, for a daily time step
is calculated as the mean of the average of hourly relative humidity measurements
to provide for consistency across all data sets.
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•

•
•

Daily Precipitation (R)
For the standardized method, the daily rainfall, R, for a daily time step is calculated
as the sum of the hourly rainfall measurements for a day to provide a consistency
across all data sets.
Mean Solar Radiation (SR)
For the standardized method, the solar radiation, SR, for a daily time step is
calculated as the mean of the average of hourly solar radiation measurements.
Mean Wind Speed (W)
For the standardized method, the wind speed, W, for a daily time step is calculated
as the mean of the average of hourly wind speed measurements.

Replacing missing data in climatic variable is conducted by fitting an autoregressive model
to the samples surrounding a gap. Many observed time series exhibit serial autocorrelation;
that is, linear relation between lagged observations. This suggests past observations might
predict current observations. The autoregressive (AR) process models the conditional mean
of yt as a function of past observations, yt-1, yt-2, yt-3, ..., yt-p.
2. Determine Daily and Monthly Matric Suction:
The hourly matric suction can be calculated indirectly through the heat dissipation capacity
of the soil by measuring a temperature difference between two reference points. The
Oklahoma Mesonet stations records hourly temperature difference which can be used to
calculate the matric suction by using Equation 10. For the standardized method, the matric
suction, MP, for a daily time step is calculated as the mean of the average of hourly matric
suction measurements. Similarly mean monthly matric suction can be calculated from daily
matric suction.
3. Determine Fourier coefficients:
The m Fourier Coefficients for 12-month period can be determined from Equation 32 by
using the 12 months average surface suctions.
𝑈𝑈𝑚𝑚 =

2

12

12
+ ∫11 𝑆𝑆12

where:

1

[∫0 𝑆𝑆1 𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚𝑚𝑚𝑚𝑚
6

𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑]

6

2

𝑑𝑑𝑑𝑑 + ∫1 𝑆𝑆2 𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚𝑚𝑚𝑚𝑚
6

𝑑𝑑𝑑𝑑 + ⋯

[32]

𝑆𝑆1 , 𝑆𝑆2 , … , 𝑆𝑆12 = Monthly average of the surface suction; and
𝑚𝑚 = 0, 1, 2, …

4. Determine the diffusion coefficient:
Diffusion coefficient for any day can be back calculated by solving Equation 30 for the
measured suction for the target day. The solving procedure is as follows:
a) Assume an initial value for diffusion coefficient such as 0.01 cm2/s.
b) Calculate the matric suction at the measured suction depth (i.e., 5 cm or 25 cm) by
using the Fourier coefficient from previous step and Equation 30.
c) Calculate the difference between predicted the matric suction and measured suction
from a weather station.
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d) If the difference between predicted and measured matric suction are less than
0.001 pF then the diffusion coefficient is found else repeat the process until a
reasonable tolerance amount is reached.
5. Determine suction distribution with depth in the subgrade:
The suction distribution profile for the selected day number can be estimated by using the
diffusion coefficient obtained from the previous step and calculating the suction at any
depth 𝑦𝑦 using Equation 30.
𝑈𝑈𝑜𝑜
+ 𝑈𝑈1 e−𝑦𝑦√((𝑛𝑛𝑛𝑛/𝛼𝛼)) cos(𝑛𝑛2𝜋𝜋𝜋𝜋 − 𝑦𝑦√(𝑛𝑛𝑛𝑛/𝛼𝛼)) +
2
𝑈𝑈2 e−𝑦𝑦√(2𝑛𝑛𝑛𝑛/𝛼𝛼) cos(2𝑛𝑛2𝜋𝜋𝜋𝜋 − 𝑦𝑦√(2𝑛𝑛𝑛𝑛/𝛼𝛼)) + ⋯ 𝑒𝑒𝑒𝑒𝑒𝑒.
𝑢𝑢(𝑦𝑦, 𝑡𝑡) =

[30]

where:
y = Depth of measured suction;
𝐷𝐷𝐷𝐷𝐷𝐷 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑡𝑡 = 2×365 ; and
𝑈𝑈0 , 𝑈𝑈1 , 𝑈𝑈2 … . 𝑒𝑒𝑒𝑒𝑒𝑒.. = Fourier Coefficients which can determined from Equation 32.

6. Construct the suction distribution profile:
The final step is to construct the suction distribution profile by plotting the estimated matric
suction against the depth.
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6. CONCLUSIONS
This study mainly focused on improving our understanding of environmental interactions with
pavement systems for better predictions of the changes in pavement material properties over time.
The main objective of this study was to develop a practical and implementable numerical model
for predicting the moisture regime within the pavement subgrade system. The research study
resulted in a rational and practical prediction model that could be used to determine the moisture
boundary conditions within the pavement structure. The proposed moisture variation model was
tested, and the results were compared with the predicted values from a well-established climatic
model in the SVFlux software. The proposed model successfully used the measured suction from
the field and predicted a more realistic suction profile as compared to the prediction made by the
SVFlux. Furthermore, the proposed model is able to compute the diffusion coefficient based on
the predicted suction profile.
The moisture prediction model presented in this study can be used to predict equilibrium moisture
beneath the pavement as well. The numerical modelling was utilized to predict the equilibrium
matric suction from measurements of suction data in the field. The modified Mitchell model was
also successfully utilized the measured suction from the field for computing the diffusion
coefficient. The diffusion coefficient is extremely important in estimating moisture penetration
into soil profile. The model can easily be programmed into a spreadsheet using the equations
presented in this study.
On the basis of the field data and numerical modeling, a statistical based model was also developed
to build a relationship between equilibrium suction of subgrade soils, TMI, relative humidity and
clay content. The matric suction under the unbound layer beneath the pavement can be estimated
with environmental parameters and clay content. TMI and relative humidity are found to be
controlling parameters in predicting equilibrium matric suction. The TMI, which effectively
quantifies the environmental factors for a given region, can be obtained from contour maps
developed in this study.
Thornthwaite Moisture Index (TMI) controls the moisture boundary conditions in the pavement
profile. In this study, large cluster of raw climate and soil moisture data were obtained from
Oklahoma Mesonet for assessment of the TMI from 1994 to 2017. Extensive computations have
been carried out and TMI values were calculated for 77 Mesonet weather stations representing 77
counties in the state. Thornthwaite Moisture Index (TMI) contour maps were created for Oklahoma
using two different models (i.e., Thornthwaite and Mather (65) and Witczak et al. (57)).
The results of this study have led to important recommendations that could be considered in
improving the climatic data and moisture (suction) boundary conditions for the mechanistic
empirical design guide. Using the current and historical climatic data pertaining to Oklahoma
future trends of the climatic parameters could be predicted using proposed models. It must also be
noted that the data and procedure developed are based upon Mesonet weather data at specific sites
in Oklahoma, subjected to specific weather and drainage conditions. It is expected that alterations
in drainage (i.e., ponding) or in the soil fabric (i.e., deeper cracks) would result in different
predictions. Additional field observations and studies are needed to expand the database to other
climates, drainage conditions, and soil fabrics.
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